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[1] The submicron aerosol number size distributions are measured over the Indian Ocean
(15N, 77E to 20S, 58E) during the Indian Ocean Experiment (INDOEX) in winter
monsoon seasons of 1998 and 1999. Large concentrations of 4  102 and 104 cm3 are
observed with comparatively much higher values toward north than south of the
Intertropical Convergence Zone (ITCZ). The nucleation mode in the aerosol size
distributions shows large variability, especially north of the ITCZ. The monomodal size
distributions of particles observed close to coastline gradually become more and more
organized into bimodal size distributions as one proceeds from north to south. The shift of
the position of the minimum in size distributions to larger particle size as one proceeds
southward suggests the growth of nucleation mode particles by homogeneous or
heterogeneous processes. Observation of the north-to-south increase in the accumulation
mode particles indicates the removal of these particles by sedimentation or cloud droplet
nucleation and precipitation scavenging as the aerosol particles are advected southward.
The bimodal size distributions mostly show a maximum at 133 nm and a minimum at
42 nm and are generally open-ended at the small-size end, indicating a maximum for
ultrafine particles of <13 nm diameter. There are strong indications that the nucleation
mode particles formed in the free troposphere by the gas-to-particle conversion processes
in the outflow regions of clouds of the convective cells are transported down to the
marine boundary layer in the descending leg of Hadley cell in the Northern Hemisphere
and then advected southward along with the continental aerosols with the persistent
northeasterly surface winds in this season. A high peak of 13 nm particles exceeding 103
particles cm3 is associated with the mesoscale subsidence of a depression. INDEX
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1. Introduction
[2] The northeasterly low level flow prevailing over the
northern Indian Ocean in winter monsoon season transports
the highly polluted continental air from the south and south-
east Asia in the north to the ocean in the south. This polluted
air which is rich in continental aerosols and trace gases meets
the pristine air brought by the trade winds of the Southern
Hemisphere in the Intertropical Convergence Zone (ITCZ).
The ITCZ is typically located at 10S in this season and is the
seat of deep convective activity. Aerosol measurements in
this region are therefore important to study the cross-equa-
torial transport of pollutants. Knowledge of the distribution
and characteristics of aerosols over the equatorial Indian
Ocean is also important for the determination of radiation
budget in various coupled ocean-atmosphere climate models.
[3] Atmospheric aerosol measurements over the Indian
Ocean, especially in the Southern Hemisphere are very few.
The available data of Chester et al. [1991] and Savoie et al.
[1987] in the western Indian Ocean show strong seasonal
and latitudinal variations in aerosols [Rhoads et al., 1997].
Analysis of the advanced very high resolution radiometer
(AVHRR) data by Ackerman and Cox [1989] and Prospero
[1981] also suggest that the aerosol optical thickness (AOT)
has a gradient with high values over the northern end of the
Arabian Sea. Recent measurements of Krishna Moorthy et
al. [1999] with a multiwavelength solar radiometer show a
decrease in the AOT as one moves away from Male over the
southwestern Indian Ocean across the Equator.
[4] To study the distribution and transport of aerosols and
to assess their role in the radiation budget of atmosphere is
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one of the main objectives of the comprehensive international
experiment, the Indian Ocean Experiment (INDOEX)
recently conducted in this region. In a pre-INDOEX cruise
in January 1995, Rhoads et al. [1997] report that aerosol
concentration increased by a factor of four on crossing the
ITCZ from south to north. They report an evidence of direct
anthropogenic impact on a region which is more than 1500
km from the southern tip of India. In another pre-INDOEX
cruise during January-February 1996, Jayaraman et al.
[1998] observed that aerosol mass concentration decreased
from about 80 mgm3 near the coast to just a few mgm3 over
the interior ocean. Also, submicron size particles increased
by more than an order of magnitude in number concentration
near the coast as compared to that in the interior ocean.
During the INDOEX cruises, Lelieveld et al. [2001] observed
aerosol mass loading over the entire northern Indian Ocean
toward the ITCZ at about 6S, comparable to suburban air
pollution in North America and Europe. They conclude that
the fossil fuel combustion and biomass burning cause both
inorganic and organic pollutants including black carbon over
the northern IndianOcean.KrishnaMoorthy et al. [1997] and
Satheesh et al. [1998] observe a decrease in the aerosol
optical depth with distance from the continent and retrieved
two modes, one at 40 nm and other at 800 nm for columnar
size distributions of aerosol from their data on aerosol
spectral optical depths. Measurements of Parmeshwaran et
al. [1999] show aerosol loading of the Indian Ocean north of
the ITCZ. Krishna Moorthy and Saha [2000] report an area
having comparatively large aerosol optical depths in the
central Arabian Sea. Airborne measurements over the north-
ern Indian Ocean show that in the marine boundary layer
(MBL), aerosol can be characterized by high number con-
centrations of submicron and accumulation mode particles,
which gradually decrease with distance from the Indian
subcontinent [de Reus et al., 2001]. During the IFP-99 period
of INDOEX, Bates et al. [2002] examine the aerosol number
and volume distributions in eight regions which are distinctly
different in respect of different aerosol sources, meteorolog-
ical conditions and time spent in the MBL.
[5] Here, we report our measurements of the concentration
and size distribution of the submicron aerosol particles made
during the First Field Phase-1998 (FFP-98) and the Intensive
Field Phase-1999 (IFP-99) cruises of the INDOEX and bring
out some typical features of aerosol distribution over the
Indian Ocean during the northeast monsoon period from
January to March. The cruise routes are shown in Figure 1.
The FFP-98 cruise of ORV Sagarkanya started from Goa on
19 February 1998 and reached Mauritius on 11 March 1998.
After a stay of 4 days at Mauritius, the return journey started
on 16 March 1998 and the ship reached Goa on 30 March
1998. The IFP-99 cruise of ORV Sagarkanya started from
Goa on 20 January 1999 and reached Mauritius on 11
February 1999. During this period, observations were made
aboard Sagarkanya. In Mauritius, the instruments were
installed aboard Ron Brown and the observations were
continued from 22 February to 1 March 1999 on her cruise
from Mauritius to Male.
2. Instrumentation
[6] Number and size distribution of aerosol particles of 3
to 1000 nm diameter were measured in ten different size
ranges (3.2–5.6, 5.6–10, 10–17.8, 17.8–31.6, 31.6–56.2,
56.2–100, 100–178, 178–316, 316–562 and 562–1000
nm) with an Electrical Aerosol Analyzer (EAA) system of
TSI. It is based on the ‘‘diffusion charging-mobility analy-
sis’’ principle of Whitby and Clark [1966] and consists of
the aerosol charger, the particle precipitation and the elec-
trometer sensor together with associated electronics and
flow controls. The sample ambient air is first sucked in
the diffusion charger and the aerosols are exposed to
unipolar gaseous ions. Then the aerosol particle mobility
is measured with a mobility analyzer. Aerosol size distri-
bution is then derived from the measured mobility distri-
bution. Liu and Pui [1975] observed in their laboratory
calibration that the sensitivity of this instrument is a strong
function of particle size, being 400 pA per 106 particles
cm3 for particles of 1000 nm diameter, and 0.056 pA per
106 particles cm3 for particles of 7 nm diameter when the
product Nt (N is the concentration of ions and t is the
residence time of the particle in the charging region) is
equal to 107 ions cm3 s. The calibration for particles of <7
nm diameter is obtained in their experiment by linear
extrapolation of a log-log plot. The accuracy of measure-
ments for the lowest two channels, i.e., for 3 and 7 nm is not
sufficient due to limitations of the instrument under con-
ditions where the rate of particle generation due to photo-
chemical or some other process is highly variable. Therefore
contributions of these two channels are not included in this
analysis. Accuracy of measurements increases with the
increase in particle size [Liu et al., 1974]. Before taking a
set of observation, the electrometer output was checked
with zero flow rate in the instrument and it was found to
vary from 0 to ±1 mV. As this noise due to electronics in
our electrometer is less than ±1 mV, number concentration
in the channels with midpoint diameters 13, 23, 42, 75,
133, 237, 422 and 750 nm may have a maximum deviation
of 417, 167, 87, 44, 24, 12, 7 and 4 particles cm3,
respectively. The error due to variability in number con-
centration decreases by averaging over 5 to 10 individual
measurements.
[7] Inlet of the sampling metallic tube of diameter 1 cm
and length 4 m was projected outside through a wall of a
cabin and was fixed at a height of 9 m above mean sea level.
Flow rate in the tube was 50 lpm corresponding to Reynolds
number of  2300. Inlet was cleaned after every 4-5 hours
to avoid any deposition of sea salt, dust or water. The
position of instrument was such that for most of time,
exhaust of the ship or breaking of bubbles in the foam
formed in wake of the ship did not have any impact on the
measurements. However, sometimes when the ship was
stationary or the wind speed relative to the ship was low
or the wind direction was such that exhaust passed over
instruments, the measurements were polluted. The measure-
ments made during such periods are not included in our
analysis. The measurements made during the periods of
high wind speed when waves at sea surface were high and
the large-scale wave-breaking or excessive splashing was
occurring around the ship, were also not included. Five
aerosol size spectra were taken at an interval of every two
hours throughout the cruise period. More frequent observa-
tions of spectra were taken sometimes to study some
particular phenomenon. However, observations could not
be taken during periods of continuous rain or very rough sea
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conditions, or because of some technical problems. At the
start of taking each set of five size spectra, the values of
total aerosol and charger sheath airflow rates as well as the
ionizer current and other supply voltages were checked and,
if required, adjusted within the appropriate ranges pre-
scribed in the calibration data sheet of the instrument. The
electrometer zero was checked occasionally with no air-
flows passing through the analyzer and the analyzer current
was found to be within ±1 mV. However, since aerosol
concentrations are derived from the current differences
between two consecutive steps, the actual zero does not
affect the results.
[8] The electrical conductivity is a measure of the back-
ground aerosol pollution [Cobb and Wells, 1970; Misaki et
al., 1972; Kamra and Deshpande, 1995; Kamra et al.,
2001]. During the sixteenth Indian Scientific Expedition
to Antarctica in 1996–1997, simultaneous measurements of
the electrical conductivity of both polarities were made with
a Gerdien’s condenser [Dhanorkar and Kamra, 1992] along
with that of aerosol concentrations with the EAA system.
An intercomparison of the EAA-measured and conductiv-
ity-derived values of aerosol concentrations was made from
the measurements made continuously on five days between
41 and 55S where the meteorological conditions for the
validity of the conductivity-aerosol concentrations relation
are met. The 10-min averaged values from the observations
taken every three hours with both techniques did not differ
by more than 15% of the measured values. The agreement is
very good keeping in view that the ranges of particle size
measured in the two techniques may differ.
[9] Observations of meteorological parameters such as
the wet- and dry-bulb temperatures, wind speed, wind
Figure 1. Cruise tracks of the ships, ORV Sagarkanya and Ron Brown during the FFP-98 and IFP-99
cruises of the INDOEX. The numbers along the tracks show the position of the ship at 0000 UT on
that day.
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direction, atmospheric surface pressure and cloud coverage
were made after every 3 hours by the India Meteorological
Department.
3. Observations
3.1. Concentrations and Size Distributions
of Aerosol Particles
[10] The average value of total number concentration of
aerosol particles for each day is calculated from our obser-
vations by adding the daily average concentrations of
particles in each size category. Figure 2 shows total number
concentrations and the nucleation mode aerosol particles
along the cruise routes of the FFP-98 and IFP-99. Data gaps
indicate either the halts of the ship during those periods or
the lack of observations due to rough sea conditions,
continuous rain or the malfunctioning of instruments. Num-
bers at the top on x axis show the latitudinal position of the
ship at 0000 hours on that day. Surprisingly high values of
total number concentrations, generally ranging between 103
and 104 cm3 are observed over the northern Indian Ocean
on both cruises. Much lower concentrations are observed
beyond the ITCZ in the Southern Hemisphere. For example,
on IFP-99 cruise, the concentrations of 1–7  103 cm3
observed north of the ITCZ decrease to 500–700 cm3 at
5–10S. Lelieveld et al. [2001] also report a drastic decrease
in sulphate, ammonium, organic, black carbon and mineral
aerosols on crossing the ITCZ from north to south. They
infer that at least 85% of this aerosol is of anthropogenic
origin and spreads during the winter monsoon, over the
entire northern Indian Ocean before entering the ITCZ.
[11] Our observations for the particle number concentra-
tions are significantly higher in 1998 than 1999. Moreover,
the nucleation mode contributes so much more, especially
north of the ITCZ to the number concentration during 1998
than 1999. The difference in concentrations is not likely to
Figure 2. The latitudinal variation of the daily average values of the total number and the nucleation
mode concentrations of aerosol particles along the cruise routes of FFP-98 and IFP-99. The numbers on
the top of x axis show the corresponding latitudes. The vertical bars show the daily standard deviations.
Large standard deviations during the peaks indicate that the concentrations increased only for some hours
during a day. The peak in aerosol concentration on 2 February 1999 was associated with a depression
located at 12S 68E (see text for details).
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be an instrumental effect since the same instrument with
similar intake was used in both years. Because of different
tracks and/or periods of the two cruises, three factors can
contribute to this difference. Firstly, the area of 1998 cruise
as compared to that of the 1999 onward cruise, is directly
impacted by the northeasterly polluted continental airflow
from the Indian subcontinent. Secondly, the Aitken mode in
an Arabian air mass which travels along the west coast of
India, will get diluted in the area south of India [Bates et al.,
2002]. Finally, although the period of 1998 cruise lag only
by one month from the period of 1999 cruise, the period of
February–March experiences a northward shift of the
downward leg of the southern Hadley cell in the Indian
Ocean [Newell et al., 1972]. As a result, the northern Indian
Ocean experiences large scale subsidence during the period
of March–May. As discussed in detail in Section 3.2, the
large scale subsidence in this region can transport nucleation
mode particles formed in the free troposphere (FT) to the
MBL [Covert et al., 1996].
[12] Lelieveld et al. [2001] observe that particles of
diameter <1 mm contribute more than those of diameter
>1 mm to the mass of aerosol over the northern Indian
Ocean. Our results show that, except in the areas close to
coastline during the FFP-98, these high concentrations
mostly consist of particles in nucleation mode. Some peaks
with concentrations exceeding 104 cm3 are observed dur-
ing the FFP-98. The peaks near to the northern and southern
limits of the ITCZ, especially the one south of the ITCZ is
caused due to the increase in the concentration of particles
of <75 nm diameter.
[13] The values of aerosol concentration in our observa-
tions are although about an order of magnitude higher than
those generally observed over open oceans [e.g., Meszaros
and Vissy, 1974; Haff and Jaenicke, 1980; Gras and Ayers,
1983; Bates et al., 1998], these values are comparable to
those observed near coastlines [Hoppel et al., 1989] and in
the airflow from continents into the MBL [Bates et al.,
1998a, 1998b, 2000; Johnson et al., 2000]. Airborne
measurements of de Reus et al. [2001] and the ship
observations of Bates et al. [2002] also show such large
concentrations of submicron and accumulation mode par-
ticles in the MBL during IFP-99. Our observations are also
in conformity with the observations of aerosol loading
[Parmeshwaran et al., 1999; Lelieveld et al., 2001] and
of aerosol optical depth [Krishna Moorthy et al., 1999] over
the Indian Ocean north of the ITCZ. The northeasterly
surface winds that flow over the northern Indian Ocean
persistently for 3–4 months during the winter monsoon
season ensure that this region is covered with the airflow
from the south and southeast Asian continent. Further, the
shift of the ITCZ to the Southern Hemisphere in this season
ensures that this continental air extends to latitudes of about
5–10S. Negative gradients of ozone and other trace gases
as one goes away from the Indian continent confirm the
southward advection of continental polluted air over the
ocean during this period [e.g., Naja et al., 1999; Gupta et
al., 1999; de Reus et al., 2001]. The surprisingly high
values of aerosol concentrations reported here, therefore,
need be considered as typical of the airflow from the Indian
continent.
[14] Size distribution of submicron aerosols generally
changes from monomodal to bimodal with the maxima at
40–60 nm and 90–150 nm as one moves away from the
coastline to the open sea [Haff and Jaenicke, 1980; Hoppel
et al., 1986, 1989; Bates et al., 1998b]. Covert et al. [1996]
observed that the distributions found in the tropical Pacific
Ocean lacked particles in the ultrafine range. However, the
size distributions of submicron particles observed in this
region are characterized by the large variability of the
concentration of the nucleation mode particles. For exam-
ple, Figure 3 illustrates the size distribution curves meas-
ured for one day at each of the three different locations on
IFP-99. Each curve is an average of five size distribution
curves measured over a period of about 10 min. In spite of
almost constant concentration of particles of diameter >100
nm, the nucleation-mode particle concentration varies over
one or two orders of magnitude. Such variability in the
concentration of nucleation mode particles is observed all
over the northern Indian Ocean and even in the Southern
Hemisphere up to the ITCZ. However, shapes of the size
distribution curves become more and more uniform and
bimodal as one proceeds southward (Figure 3). The bimodal
curves have a maximum at 133 nm, a minimum at 42 nm
and most of the time, are open-ended at the small size end
indicating a maximum for the ultrafine particles of diameter
<13 nm. Similar shape of size distributions are observed
throughout the mixed layer over the northern Indian Ocean
during the IFP-99 [de Reus et al., 2001]. The maximum in
these aerosol size distributions shifts to smaller sizes with
increasing altitudes but, except for a decrease in total
number concentration, no large change in the shape of size
distributions is observed with latitude. The north-to-south
increase in the ratio of the accumulation mode to 6 nm
particle concentrations reported by de Reus et al. [2001]
indicates less small particles at larger distances from the
Indian continent. Our surface observations support such
conclusion. Such open bimodal distributions of aerosols
with the maxima between 140 and 165 nm and the minima
between 60 and 75 nm have also been observed by Covert
et al. [1996] in the southern Pacific Ocean. Bates et al.
[1998b] report the observation of a third mode (nucleation
mode with diameter between 5 and 20 nm) during periods
of convective mixing between the MBL and the FT in the
Northern Hemispheric marine subtropical air mass in the
Atlantic Ocean. Covert et al. [1996] suggest that high
concentrations of the nucleation mode particles is indicative
of recently formed particles associated with large-scale
subsidence or post-frontal subsidence and advection of
anticyclonic systems. However, in contrast to their obser-
vations, the position of minimum in our observations
gradually shifts to larger particle size as one proceeds
southward, indicating the growth of fine and ultrafine
particles by coagulation or vapor deposition in the MBL
as the particles and trace gases from the continent are
carried southward by the prevailing northeasterly winds in
this season [Rhoads et al., 1997; Naja et al., 1999; Gupta et
al., 1999]. The diameter of the intermode minimum that
differentiates the Aitken and accumulation modes is deter-
mined by the interstital (unactivated) particles and residual
(from evaporated cloud droplets) particles that remain after
the cloud dissipation [Hoppel et al., 1986, 1994]. The area
traversed by our cruise in the Arabian Sea is cloud-free and
is directly impacted by the aerosol-rich continental air.
However, the area of the Indian Ocean north of the ITCZ
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is characterized by cloud topped marine boundary layer and
low winds. The north-northeasterly surface winds of less
than about 5 m s1 and cloud coverage of about 4–8 octas
with frequent rain spells existed in this area during IFP-99
cruise. Observations of Rhoads et al. [1997] also give
evidence of calm winds in this region as seen in the large
decrease in sea-salt aerosol loading. Generation of aerosols
from sea surface is not expected under such low wind
speeds. Encountering any air mass from Arabia as the ship
moves along the cruise track will cause an enhancement in
Aitken mode only [Bates et al., 2002]. Although our
measurements are not made in a Langrangian framework
but the major synoptic-scale features of the area in this
season, especially the persistent northeasterly surface winds
and the shift of the ITCZ to the southern hemisphere,
combined with the regional aerosol characteristics provide
information to infer at least the dominant processes that
determine the aerosol distributions over the ocean. There-
fore the decrease in the concentration of particles in accu-
mulation mode from north to south indicates the removal of
such particles by gravitational settling or by cloud droplet
nucleation or precipitation scavenging. The slight increase
in the accumulation mode diameter observed from north to
south is most likely due to the growth of particles by
coagulation and/or the cloud processes during their single
or multiple passes through the cloud [Hoppel et al., 1994].
The size distributions sometimes remain almost identical for
a few hours. However, gradually they go through the typical
change of the monomodal to bimodal shape as the ship sails
away from coast to the open sea.
[15] From the data obtained on Ron Brown during IFP-99,
average modal parameters were computed for north, inside,
Figure 3. The aerosol size distribution curves for one day each at the three locations along the cruise
route of IFP-99.
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and south of the ITCZ (Table 1). During this period, the
ITCZ somewhat shifted toward north and extended up to
1N. The three regions in Table 1 nearly correspond to the
regions of the northern hemisphere continental, the northern
hemispheric maritime equatorial and the southern hemi-
spheric maritime equatorial air mass respectively, as iden-
tified by Bates et al. [2002]. The agreement with the
measurements of Bates et al. [2002] is reasonably good,
looking at the facts that in their measurements, the particle
diameters were measured at 55% relative humidity, the
instrument used by them had higher size resolution, and
the averaging areas and periods over which the measure-
ments were made, were different. In agreement with the
Bates et al. [2002], the aerosol number distribution con-
sisted of both an Aitken and accumulation mode typical of
marine air masses. However, the accumulation mode was
much stronger north than south of the ITCZ. Further, south
of the ITCZ, the size distribution is spilt between the Aitken
and accumulation modes which is typical of equatorial air
masses.
[16] We have calculated the value of factor, N = dn/d log
(42)dn/dlog (24) which can be related to the age of aerosol
[Covert et al., 1996]. The concentration of 42 nm diameter
particles is selected for comparison as it is relatively stable
since it is less affected by rapid changes due to removal by
scavenging processes or by the production of new particles
by nucleation or condensational growth. The negative
values of N indicate a dominant fine or ultrafine mode with
a mean diameter <42 nm and thus had a shorter aging time
in the MBL. On the other hand, positive values of N
indicate that aerosol had a longer aging time and was
isolated from the source of new particles. Figure 4 shows
the variations of N and sea level pressure with latitude
during the FFP-98. Comparatively large negative values of
N are observed over the northern Indian Ocean and extend
up to about 10S on the onward journey, and up to about
6S on the return journey. Beyond 10S and 6S on the
onward and return journeys respectively, the values of N are
either zero or have very small negative values. It is worth
noting that position of the ITCZ shifted from about 10S on
the onward journey to about 5S on the return journey. The
dates when the negative values of N change from compa-
ratively large to small and vice versa roughly coincide with
the dates of going out and entering into the ITCZ on the
onward and return journeys, respectively. So the less-aged
aerosol particles which prevail over the northern Indian
Ocean penetrate into the Southern Hemisphere up to the
ITCZ in this season. Beyond the ITCZ in the Southern
Hemisphere, the nucleation mode is dominated by relatively
larger and more-aged aerosol. Results of the IFP-99 show
similar trends. This is in contrast to the observation of Covert
et al. [1996] in the Pacific Ocean where they observed that N
is predominantly positive in tropics. However, this differ-
ence can be understood in terms of the difference in
meteorological conditions of the two areas. Tropical trade
winds in the Pacific Ocean have long journey over sea and
thus the Aitken mode in observations of Covert et al. [1996]
is dominated by relatively larger and more-aged aerosol. On
the other hand, the northern Indian Ocean is dominated in
this season by the northeasterly winds from continent which
carry with them relatively smaller and less-aged aerosol. As
will be discussed in the next section, the northeasterlies over
the northern Indian Ocean which is an area of large-scale
subsidence in this season may also carry equatorward the
less-aged nucleation mode particles transported from the FT
[Raes, 1995; Covert et al., 1996]. Near-zero or small
positive or negative values of N southward of 10S on the
onward cruise and southward of 6S on the return cruise
indicate the presence of relatively larger and more-aged
nucleation mode particles in the pristine air of the Southern
Hemisphere.
[17] Although chemical measurements do not have
enough overlapping in the size range, comparison of our
size distribution data with the chemical composition meas-
urements can be indicative for the particle formation pro-
cesses and their sources. During the INDOEX-1999 cruise,
Bates et al. [2002] observations show that the aerosol
volume distributions in Northern Hemisphere continental
tropical air mass were dominated by submicron accumu-
lation mode particles. More than 70% (by mass) of the
submicron aerosol advecting off the continent consists of
non-sea-salt (nss) sulphate aerosol which includes SO4
,
NH4
+ and H2O at 55% relative humidity [Quinn et al.,
2002]. The additional presence of black carbon and nss
potassium indicate a biomass or biofuel combustion source
[Quinn et al., 2002; W. P. Ball et al., Bulk and size-
segregated aerosol composition: Continental impacts during
INDOEX 1999, submitted to Journal of Geophysical
Research, 2001]. Bates et al. [2002] observed that a con-
tinental extratropical air mass from Arabia has a dominant
Table 1. Average Modal Parameters for the Measurements Made on the R/V Ron Brown Cruise During IFP-99a
Position,
Latitude-Longitude Modal Parametersb Aitken Numberc Accumulation Numberc
North of the ITCZ 1 N,70 E  4 N,73 E N 324 ± 103 (380 ± 380) 532 ± 208 (670 ± 180)
DgN 45.5 ± 6.1 (70 ± 19) 170.9 ± 86.2 (200 ± 12)
s 1.679 ± 0.004 (1.4 ± 0.10) 1.695 ± 0.006 (1.5 ± 0.050)
In the ITCZ 1 N, 70 E  8S, 60E N 185 ± 34 (120 ± 80) 233 ± 147 (280 ± 75)
DgN 47.4 ± 11.3 (60 ± 16) 164.7 ± 48.8 (180 ± 21)
s 1.697 ± 0.007 (1.5 ± 0.11) 1.696 ± 0.004 (1.6 ± 0.050)
South of the ITCZ 8 S, 60 E  12 S, 59 E N 162 ± 16 (100 ± 86) 172 ± 12 (77 ± 26)
DgN 47.1 ± 2.6 (66 ± 21) 133.6 ± 33.2 (200 ± 15)
s 1.68 ± 0.002 (1.4 ± 0.096) 1.694 ± 0.003 (1.4 ± 0.12)
aValues in parentheses are of Bates et al. [2002]. The values given against the positions north, within and south of the ITCZ correspond to the
Northern Hemispheric continental extratropical/tropical (71.4–74.6E), Northern Hemispheric maritime equatorial (8-1S) and the Southern
Hemispheric maritime equatorial (54.3–55.5E, 15–10S) regions of Bates et al. [2002], respectively.
bN (cm3), D (geometric in nm), s standard deviation of the size distribution).
cModal parameters are calculated from lognormal fits to the size distribution. The plus/minus sign refers to the atmospheric variability.
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small-diameter Aitken mode and although nss sulphate still
contributes 60% to the submicron aerosol, the fraction of
particulate organic matter and inorganic inoxidized material
in it is much higher than that in the air mass from the Indian
subcontinent [Quinn et al., 2002]. The size distributions
observed by us in the northern Indian Ocean during FFP-98
support the conclusion of Bates et al. [2002] that a mixture
of continental extratropical air from Arabia in the MBL and
the continental tropical air from India in the overlying FT
may appear in this region. Further, the observation of the
presence of nss potassium and a larger mass fraction of
black carbon in the northern hemispheric continental air
mass [Quinn et al., 2002] supports the entrainment of the
continental tropical air from the FT to the MBL. Moreover,
our observation of higher number concentrations along the
cruise track in 1998 than the 1999 onward cruise supports
the conclusion of Bates et al. [2002] that the Arabian Sea
coastal India air encountered south of the Indian subcon-
tinent is essentially a dilute continental air mass.
[18] Large variability of the nucleation mode particles is
well illustrated in contour plots of the number size distribu-
tion versus latitude for the onward journey of the IFP-99
cruise in Figure 5a. Concentration of the nucleation mode
particles is particularly large in those regions where total
particle concentration itself is large. Some pockets of large
concentrations of nucleation mode particles near to the
northern and southern limits of the ITCZ are well illustrated
in Figure 5a. The position of the ITCZ fluctuates between 4
and 11S during this period. Our observations made during
the Mauritius-to-Male cruise of Ron Brown show relatively
lower total particle concentration than on the onward jour-
ney, the well-defined bimodal distributions throughout the
region and a sharp increase in the particle concentration over
the Northern than the Southern Hemisphere (Figure 5b).
3.2. Transport of the Nucleation Mode Particles
From the Free Troposphere
[19] During the solstice periods in this region, the winter
Hadley cell is intense and large in extent and part of it extends
into the summer hemisphere. For example, during the north-
ern winter, Hadley cell extends from 30N to 10S [e.g.,
Newell et al., 1972]. As a result, the northern Indian Ocean
experiences large scale subsidence. The nucleation mode
particles formed in the FT in the outflow regions of clouds of
the convective cells by the gas-to-particle processes may be
transported down in this region and grow by condensation
and coagulation in the large-scale Hadley circulation [Covert
et al., 1996]. In the MBL these particles grow by homoge-
neous and hetrogeneous processes and are removed by the
cloud droplet nucleation and precipitation scavenging [Hop-
pel et al., 1994]. Thus relative concentrations of the nucle-
ation and accumulation mode particles will depend upon the
number of the Aitken particles nucleated and on the effi-
ciency of precipitation scavenging. Superimposed on this is
the large concentration of continental aerosols being trans-
ported from north to south in this region. This may explain
the unusually large concentrations and variability in concen-
tration of the nucleation mode particles in this region.
[20] An examination of the vertical motions derived from
divergent circulations in this area as shown by Madan et al.
Figure 4. Plots of the difference in number concentrations of particles of diameter 42 nm and 24 nm
and the sea level pressure along the cruise route of FFP-98.
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Figure 5. Contour plots of the aerosol number concentration versus latitude for the onward (Figure 5a)
and return (Figure 5b) journeys of IFP-99 cruise. Noteworthy features are (1) large total number
concentration of particles over the northern Indian ocean, (2) very large concentrations and the pulsating
variations of the nucleation mode particles, (3) comparatively lower concentrations and more organized
bimodal size distributions on the return journey from Mauritius to Male, and (4) the peaks in
concentration, particularly near to the northern and southern ends of the ITCZ. The typical size
distributions plotted in Figure 3 correspond to the positions at (a) 8S, 59E (b) 4S, 77E, (c) 6N, 76E.
See color version of this figure at back of this issue.
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[1999a], and Figure 6 shows that during 24 to 26 January
1999, the descending leg of the northern hemispheric Hadley
cell is positioned between 20 and 30N in the MBL. The air
enriched at these latitudes by the nucleation mode particles
transported downward from the FTand the aerosols advected
from continent is carried equatorward with the seasonal
northeasterly low-level winds. Our measurements confirm
the unusually large concentrations of fine or ultrafine par-
ticles in this region. The possibility of new particle formation
by the gas-to-particle conversion processes in presence of
such high particle concentrations is small [Covert et al.,
1992; Gras, 1993; Raes, 1995]. Neither our observations
show any diurnal variation in aerosol concentration which
may imply higher photochemical production of very small
particles during daytime than nighttime. However, since the
particle sizes in our observations are more variable and
richer in nuclei mode ranges, compared to higher fraction
of Aitken mode particle concentrations observed in the
Pacific by Covert et al. [1996], a fraction of these nuclei
mode particles may be either transported from the Indian
continent and/or generated in the MBL. One source for the
new particle formation may be the oxidation of dimethyl
sulfide in the regions of the high relative humidity in the
vicinity of marine clouds [e.g., Hegg et al., 1990; Hoppel et
al., 1994; Clarke et al., 1999]. A smaller-scale model of
sulfuric acid nucleation in the MBL has also been proposed
for particle formation during non-cloudy periods [Kerminen
and Wexler, 1995]. However, on the basis of measurements
of ultrafine and Aitken mode particles and dimethyl sulfide
in the MBL, Covert et al. [1996] concludes that the rate of
new particle formation was either low to contribute signifi-
cantly to the number concentration or, if the rate was high,
occurred infrequently. The generation of such particles by
mechanical disruption of the sea surface is also ruled out
firstly due to the prevalence of low winds in this region and
secondly due to the inefficiency of this process in generating
particles in this size range [Fitzgerald, 1991; O’Dowd et al.,
1997]. The fact that the aerosol concentration remains high
throughout the northern Indian Ocean indicates that the
aerosols being transported from north to south have long
residence times and are fine enough not to be appreciably
lost by sedimentation.
[21] From his theoretical model, Raes et al. [1993]
proposed that entrainment from the FT is the source of
the particles in nucleation mode in the MBL. To test this
hypothesis in our observational area, we have investigated
the correlation between the 13 nm particle concentration
and the change in dew point temperature with time. The
subsidence of air from upper troposphere causes a decrease
in dew point temperature with time in the MBL. Following
Covert et al. [1996] we have chosen the difference between
the 6-hour and 24-hour running means, Td(6)-Td(24), say
T*, as a parameter which represents the synoptic scale
advection changes and eliminates small scale variability.
As pointed out by Covert et al. [1996] the 6-hour and 24-
hour means can be taken as representative of the timescales
of the variability in ultrafine concentration and of the
synoptic meteorological systems, respectively. Figure 7
shows the scatter diagram of the running means of T*
versus the hourly mean of the concentration of 13 nm
particles at 3-hour intervals for both north and south of
the ITCZ. Following two features are noteworthy:
1. The negative correlation coefficient of 0.01 observed
south of the ITCZ increases to 0.76 north of the ITCZ. No
significant correlation is observed on either side of the ITCZ
when T* is positive.
2. For positive values of T* on either side of the ITCZ,
and for negative values of T* south of the ITCZ, the 13 nm
particle concentrations are within the typical values
observed over oceans. However, very high concentrations
of 13 nm particles are accompanied with the negative values
Figure 6. Divergent circulation averaged for the belt of
75E to 105E on 24, 25 and 26 January 1999 showing the
position of the descending leg of Hadley cell between 20N
and 30N and the southward flow in the MBL during this
period [from Madan et al., 1999a] (where VT stands for
verification time and ANA DIV CIR stands for analyzed
divergent circulation).
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of T* north of the ITCZ. This strongly supports the
downward transport of the nucleation mode particles with
subsidence in this region.
[22] Vertical transport of nucleation mode particles is
supported by the observation of de Reus et al. [2001] that
high and variable concentrations of 6 nm particles are found
above 8 km altitude where the outflow of large convection
clouds occurred, as inferred from their CO profiles. Bates et
al. [2002] also speculate the entrainment from the FT as a
source small-diameter Aitken mode particles in the MBL.
Entrainment from the FT into the MBL is also supported by
the observation of the presence of nss potassium and a
larger mass fraction of black carbon in the northern hemi-
spheric continental air mass [Quinn et al., 2002]. While the
vertical profiles of ozone and relative humidity show the
stratosphere-troposphere exchange of ozone [Mandal et al.,
1999; de Reus et al., 2001], Naja et al. [1999] concludes the
transport of ozone-rich air of the higher layer to the ozone-
poor surface layer from his observations of the diurnal
variation of ozone in the remote MBL.
3.3. Transport of Particles Associated With
Mesoscale Subsidence of a Depression
[23] Analysis of the National Center for Medium Range
Weather Forecast, New Delhi, shows that a deep circulation
extending to 700 hPa probably due to a depression lies close
to 12S, 68E on 2 February 1999. Further, the outgoing
longwave radiation (OLR) data and rainfall analysis from
INSAT show a relatively small area of low values of OLR at
11S, 75E associated with a rain rate of 2-3 cm. Homoge-
neous nucleation in the outflow regions of clouds of the
convective cells in the tropics causes the production of new
particles. These particles can grow by condensation and
coagulation but not much larger than the Aitken mode within
Figure 7. Scatter diagram of Tdð6Þ  Tdð24Þ versus the average concentration of 13 nm particles north
and south of the ITCZ.
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reasonable residence times 1 or 2 weeks for the FT [Raes,
1995]. These aerosols are transported downward to the MBL
by the subsidence associated with convective cells of deep
circulation. We have examined the areas of upward and
downward motions from divergent circulation in this region
around 2 February 1999 when the aerosol concentration
exhibits a maximum during the IFP-99 observations.
Figure 8 shows the divergent circulation for the sector 75–
105E for 1, 2 and 3 February 1999 [Madan et al., 1999a].
Much intense and organized downward motion at 12–16S
can be observed on 2 February 1999 as compared to other two
days. The 5-day constant pressure backward trajectories of
Madan et al. [1999b] indicate the origin of air in the ITCZ to
be from the Arabian Sea and south Indian Ocean itself.
[24] Observations of Bates et al. [1998b] in the higher
latitudes south of Australia show that the aerosol number
concentration is largely controlled by the post frontal sub-
sidence. Hainsworth et al. [1998] also observe that the cold
fronts passing through the area every 2–3 days, frequently
mixed nucleation mode particles into the MBL from the FT.
4. Conclusions
[25] Our data show large aerosol concentrations ranging
between 4 102 and 104 particles cm3 over the north Indian
Ocean in the winter monsoon season. Aerosol concentrations
are much higher toward the north than south of the ITCZ. The
nucleation mode in aerosol size distribution shows large
variability, especially north of the ITCZ. The monomodal
size distribution of particles observed near coastline gradu-
ally becomes more and more organized into bimodal distri-
bution as one proceeds from north to south. Further, the data
suggests a growth of the nucleation mode particles by
condensation or deposition in the MBL and removal of the
accumulation mode particles by the cloud droplet nucleation
or precipitation scavenging as the aerosol particles are
advected from north to south in the MBL. Most of the time,
aerosol size distributions show a maximum at 133 nm and a
minimum at 42 nm and are mostly open-ended at the small-
size end, indicating a maximum for ultrafine particles of <13
nm diameter. There are strong indications that these nucle-
ation mode particles are transported down from the FT in the
descending leg of Hadley cell in the Northern Hemisphere
and then advected southward along with the continental
aerosol with the persistent northeasterly surface winds in
this season. Some peaks of very large concentration in our
measurements may be associated with the subsidence asso-
ciated with the convective cells in this area.
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Figure 5. Contour plots of the aerosol number concentration versus latitude for the onward (Figure 5a)
and return (Figure 5b) journeys of IFP-99 cruise. Noteworthy features are (1) Large total number
concentration of particles over the northern Indian ocean, (2) Very large concentrations and the pulsating
variations of the nucleation mode particles, (3) Comparatively lower concentrations and more organized
bimodal size distributions on the return journey from Mauritius to Male, and (4) The peaks in
concentration, particularly near to the northern and southern ends of the ITCZ. The typical size
distributions plotted in Figure 3 correspond to the positions at (a) 8S, 59E (b) 4S, 77E, (c) 6N, 76E.
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